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Numerous synthesis routes towards nanostructured polymer particles have emerged, but few 
examples demonstrate the essential need for such complex particle structures to achieve any 
added benefit in a target application. Here, polymer particles having Laponite-clay armor were 
prepared by the Pickering miniemulsion polymerization of n-lauryl acrylate. The resulting “soft-
hard” poly(lauryl acrylate) (PLA)/Laponite hybrid particles were blended at varying low 
concentrations with a standard poly(butyl acrylate-co-acrylic acid) (PBA) latex for application as 
a waterborne pressure-sensitive adhesive (PSA).  The tack adhesion properties of the resulting 
nanocomposite films were compared with the performance of the PBA when blended with either 
a conventional non-armored PLA latex, with Laponite RD nanosized clay discs, or a mixture of 
both. A true synergistic effect was discovered showing that the clay-armored supracolloidal 
structure of the hybrid particles was essential to achieve a superior balance of viscoelastic 
properties. The addition of small amounts, e.g. 2.7 wt.%, of the “soft-hard” clay-armored PLA 
particles increased the tack adhesion energy considerably more than found for the two individual 
components or for the sum of their individual contributions.  The soft PLA core ensures that the 
adhesives are not stiffened too much by the nano-sized Laponite clay. Slippage at the interface 
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between the nanoclay platelets and the PBA matrix introduces an additional energy dissipation 
mechanism during deformation.  Through the synergistic effect of the clay and PLA in the 
supracolloidal armored latex structure, the tack adhesion energy is increased by 45 Jm-2, which is 
about 70% greater than found for the PBA adhesive alone. 
 
Introduction 
        Polymer-inorganic hybrid particles with interesting nanostructures have been fabricated 
via a myriad of synthetic routes to impart desirable physical characteristics, including 
ferromagnetism 1 , 2 , self-assembly of particle chains 3 , ionic fluid flow, 4  and enhanced 
mechanical properties in nanocomposites5,6,7. One emerging fabrication route makes use of 
the assembly of colloidal building blocks to construct a more complex nanocomposite 
supracolloidal structure. The assembly process can be driven or guided by electrostatic 
forces, such as in heterocoagulation to prepare silica/polymer nanocomposite nanoparticles8.  
The process can also make use of confined geometries, e.g. droplets 9 , or a “particle 
lithography” approach, which – when coupled with electrostatic forces – leads to patchy 
structures10. A convenient and scalable method to fabricate polymer latexes armored with 
inorganic nanoparticles is to employ liquid-liquid interface-driven assembly and to combine 
it with (mini)emulsion polymerization techniques. 11,12,13   
 Although there has been a recent surge in fabrication methods for submicron-sized 
supracolloidal structures, examples in which profound changes in the bulk material 
• Published in Soft Matter (2009) 5(20):3842-3849 
 
 3 
properties can be directly ascribed to the nanostructured morphology of these complex 
colloidal particles are still sparse. In this work, we demonstrate that the addition of small 
amounts of nanodisc clay-armored, soft polymer latexes profoundly enhances the mechanical 
properties of a standard waterborne pressure-sensitive adhesive (PSA). Critically, the 
supracolloidal nanostructure is required for the effect.  Blends of the individual components 
(clay and soft polymer), alone or in combination, are less effective. 
 PSAs adhere instantly and firmly to nearly any surface under the application of light 
pressure. These soft adhesives are able to wet surfaces and to achieve close contact (even on 
rough surfaces) as a result of their relatively low elastic modulus. When under strain, the 
adhesive is drawn into fibrils, and hence the polymer must be able to flow. If the adhesive is 
too stiff (i.e. solid-like), wetting is poor and fibril formation is restricted.  Fibrils that are 
created will detach under small strains because the stress to deform them is greater than the 
adhesive force on the adherend.  As a result, tackiness is lost. If the adhesive is too liquid-
like, on the other hand, resistance to creep under shear stress will be low. The stress required 
for deformation, and hence the adhesion energy, will be low. To be an effective PSA, the 
material needs a balance of elasticity and viscosity. A high adhesion energy stems from a 
large amount of energy dissipation during the deformation process  In this work, we focus on 
the tack adhesion energy, which we will call the tack energy, for brevity.  
 In polymers used in PSAs, the control of chemical composition and monomer sequencing, 
the density of the crosslinking network, and the chain architectures are key parameters to 
adjust the viscoelastic properties to achieve the desired adhesive properties14  Soft (low glass 
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transition temperature, Tg), waterborne polymer colloids, i.e. latexes, have been succesfully 
applied for the creation of PSAs.15 When polymer latex particles are employed (instead of an 
organic solvent-borne solution of polymer chains), each individual particle can be considered 
to be a “building block” of the PSA film, offering structural control at the nano-scale.  
Structures within the particles can be translated into the film structure16 and influence its 
macroscale mechanical and adhesive properties.17 
The incorporation of a nanocomposite filler into latex films offers a simple and effective 
means to modify the viscoelastic properties of a PSA, with the aim of optimizing the 
adhesive properties. For instance, carbon nanotubes have been used to tune the viscoelastic 
properties in PSAs made from latex films. Nanocomposite PSAs showed an 80% increase in 
adhesion energy at an optimum nanotube concentration in comparison to the latex polymer 
film.18  It was demonstrated that the energy dissipation rate (guaged by the loss tangent) of 
this class of soft nanocomposites can be increased via the interfacial molecular friction 
between the matrix and the nanotube fillers. 19 , 20   However, there are two risks of 
incorporating nanotubes into adhesives. At higher concentrations, they can (1) detrimentally 
increase the elastic modulus of the nanocomposite PSA and (2) decrease the optical 
clarity.18,19  When the elastic modulus is too high, the wetting ability of the nanocomposite 
film on an adherent is deteriorated, and the tack energy is low.  Optical clarity is required for 
applications in graphics and displays. 
Exfoliated clay platelets have been used previously as a filler for adhesive films.  Clay 
was found to raise the elastic modulus without raising the energy dissipation (loss tangent) 
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sufficiently, and hence the tack energy was lower with the addition of nanoclay.21 Another 
polymer/clay nanocomposite (with a structure of exfoliated clay presented both inside and on 
the surface of the latex particles) prepared by emulsion polymerization for application as a 
PSA has been demonstrated to increase the shear resistance of adhesives but offers only 
moderate gains in tack energy.22 
More complex polymer colloids with nanostructured features that can build in an energy 
dissipation mechanism without stiffening the structure too much are required to provide step-
changing advances to PSAs. In this work, we envisaged that “soft” polymer latex particles 
armored with a “hard” armor of nanosized clay discs potentially could bring the desired 
outcome. This type of “soft-hard” hybrid particles are easily fabricated through the recently-
emerged methods of solids-stabilized, or Pickering, (mini)emulsion polymerization.11,12,13  
The key idea is that the “soft-hard” armored structure in itself would introduce the right 
balance to achieve enhanced mechanical properties. The soft core of the hybrid particles was 
expected to ensure that the elastic modulus of the nanocomposite adhesives did not become 
too high. More importantly, it was envisaged that the nano-scale mechanical deformation 
and energy dissipation ability of the “soft-hard” hybrid particles would increase the tack 
energy.  
Experimental Materials and Methods 
Synthesis of soft-hard armored polymer hybrid latexes, the non-armored PLA latex and 
the model PBA adhesive 
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The nanosized clay used in this work, laponite RD, is a synthetic trioctahedric hectorite clay, 
composed of two tetrahedral silica sheets and a central octahedral magnesia sheet. The 
platelets have an overall negative charge on the faces and positive charge on the edges. The 
nanoclay will exfoliate on its own in pure water as individual platelets with a lateral 
diameter of ca. 25-35 nm and ca. 1 nm in thickness.23 The nanoclay (laponite) armored PLA 
hybrid particles were prepared following the methods described in our previous work.11,12,13 
Typically, 0.25 g of laponite clay was dispersed in 100 mL deoxygenated H2O and left to stir 
for 10 min. The suspension was sonicated (Branson 450W digital sonifier) for 4.5 mins at 
70% amplitude with a 30-sec. wait every minute to ensure full dispersion. After the first 
minute interval, 0.57 g NaCl aqueous solution (0.1M) was added to the sonicating dispersion. 
The salt is added to suppress the double layer resulting from the charge on the nanoclay, 
allowing for slight flocculation. 24   This flocculation is required for the nanoclay to 
congregate on the newly-created interface generated by the ultrasound.11,12, 25 Lauryl acrylate 
(2.5 g, 2.4 wt.%), hexadecane (0.1 g, 4.0 wt.%), and 2,2'-azobis(2,4-dimethyl valeronitrile) 
(V-65, 0.05 g, 2.0 wt.%) were mixed and then poured into the nanoclay suspension whilst 
mixing using an IKA WERKA, Ultra Turrax, T25 basic set at 24000 rpm until there was no 
visible organic layer. Next the Pickering miniemulsion was generated via sonication for 6.5 
mins at 70% amplitude with a 30 second wait every minute. The cut-off temperature was set 
at 40 oC in order to prevent early polymerisation and the mixture was cooled with an ice-bath. 
The resulting miniemulsion was poured into a 250 ml round-bottom flask, which was sealed 
using a rubber seal, and bubbled through with N2 for 20 min. The reaction mixture was 
polymerized at 51 oC under gentle stirring for 20 hr. in order to ensure full conversion. The 
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average diameter of the laponite-armoured PLA hybrid particles was 286 nm, as measured 
by dynamic light scattering (Malvern Instruments, Zetasizer 3000HSA) The overall solids 
content of the armored hybrid latex was ca. 2.7 wt.%, as determined by gravimetric analysis. 
 A non-armored poly(lauryl acrylate) latex, which was used for control experiments, was 
prepared by conventional miniemulsion polymerization of lauryl acrylate, using sodium 
dodecyl sulfate as a surfactant, and following a similar emulsification and polymerization 
procedure as described above. The average particle size was ca. 200 nm with a solids content 
of ca. 20 %. A 1 wt.% clay-in-water suspension, used for control experiments, was prepared 
by dispersing Laponite in deionized water with 10 mins stirring. 
 Poly(butyl acrylate-co-acrylic acid) (PBA) latex with a butyl acrylate:acrylic acid molar 
ratio of 99:1 was prepared by emulsion polymerization, as described previously.18 The 
average particle size was 120 nm, the Tg of the copolymer was -50 oC, and the gel content 
was ca. 30 % according to Soxhlet extraction in tetrahydrofuran.  
Armored Laponite clay PLA  hybrid structure characterization 
The dilute clay armored PLA hybrid dispersion was spin-coated onto a freshly-cleaved mica 
surface, and the structure was determined by using an atomic force microscope (NTEGRA, 
NT-MDT, Moscow, Russia) in intermittent-contact mode. The nominal resonant frequency 
of the cantilever (NT-MDT, Moscow, Russia) was 120 kHz and the nominal spring constant 
was 7 N m-1.  
Nanocomposite preparation  
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The Laponite clay-armored hybrid particles, non-armored PLA particles, and the clay-in-
water dispersions were each blended drop-wise with the model poly(butyl acrylate) latex at 
various concentrations and mixed using magnetic stirring. The dispersions were cast on glass 
substrates using a cube applicator and dried in an oven at 50 oC for 30 min. with air flow. 
The dried films were 50 to 60 µm thick.  
Probe-tack analysis of adhesive properties  
Probe-tack adhesive analysis of the nanocomposite films on glass plates followed the Avery 
method (MicroSystems Texture Analyser, Godalming, UK) using a spherical, polypropylene 
probe. The probe was lowered onto the film with a load of 4.9 N and allowed 1 second of 
contact before being withdrawn from the film surface at a constant velocity of 100 µm/sec. 
which corresponds to an initial strain rate of 1.7 s-1 (1. 7 Hz).  
Thermo-mechanical analysis 
Differential scanning calorimetry (DSC, Q1000, TA Instruments, New Castle, DE, USA) 
was employed to measure the melting and crystallization temperatures of pure PLA and 
Laponite armored PLA hybrid particles. Heat-cool-heat cycles were performed from -130 ˚C 
to 70 ˚C at a ramp rate of 10 ˚C/min.   
  Nanocomposite specimens for dynamic mechanical analysis (DMA) were obtained by 
casting the wet latex in Teflon molds and drying for seven days.  Strips (10 mm x 1 mm x 1 
mm) were cut from the films. DMA of these samples was performed using a commercial 
instrument (Q800, TA Instruments, New Castle, DE, USA) in tensile mode with a strain of 
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0.25% at a frequency of 1 Hz, which is comparable to the strain rate used in the probe tack 
measurements.  
 
Results and Discussion 
Elsewhere, the crystallization behavior of poly(n-alkyl acrylate) has been investigated26, 
and it was concluded that the polymer can crystallize when the number of carbon atoms, n, is 
above 10. With n = 12, PLA is known to be crystallizable.26 Differential scanning 
calorimetry (DSC) measurements of PLA latex films showed a melting temperature of ca. 1 
oC and a crystallization temperature of ca. -6 oC. The melting and crystallization 
temperatures of the PLA core were unaffected by the presence of a clay shell in the hybrid 
particles; they were the same as in the pure PLA. (See Figures S1 and S2 in the 
Supplementary Information.) At room temperature, the PLA core is melted and hence will 
exhibit viscous flow.   
Figure 1 shows AFM images of the PLA-nanoclay hybrid particles prepared by Pickering 
miniemulsion polymerization. The contrast in the phase image maps the energy dissipation when 
the tip interacts with the sample surface. As the PLA phase is viscoelastic, it dissipates more 
energy compared to the clay, and so it appears darker in the phase image. The Laponite clay 
phase is hard and dissipates less energy, and so appears brighter in the phase image.27  The 
Laponite clay discs are observed as small spots – on the order of 30 nm across - around the 
perimeter of the PLA core (with a diameter of 200 nm), appearing ring-like in the image.  There 
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is evidence for some Laponite clay discs on the top surface of the particles.  In agreement with 
previous studies12 it is believed that the clay discs cover the whole surface of the PLA cores, 
however AFM is better able to resolve the platelets at the edge of the particles.  In the central 
regions of the particles, there is energy dissipation from the underlying PLA, and hence the clay 
discs are not well resolved. 
       
 Figure 1. AFM (A) height image and (B) phase image of Laponite clay armored poly(n-lauryl 
acrylate) (PLA) latex particles. The inset shows an enlarged view of the region that is 
highlighted in the box. Image size: 2 µm×2 µm. The hybrid particles have been flattened on the 
mica surface during the spin-casting process.  
 Various types and combinations of particles (i.e. Laponite clay discs alone; a non-armored 
PLA latex alone (made via conventional miniemulsion polymerization); both non-armored 
PLA latex and Laponite clay; and the armored PLA-clay hybrid particles) were blended with 
the PBA model adhesive. Figure 2 schematically compares the film nanostructures that are 
expected.  It is expected that in the blend of the PBA and the Laponite from a colloidal 
process, the latter will be situated at the boundaries between the latex particles to create a 
Mica 
PLA core 
Laponite clay  
A B A 
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segregated network.28, 29  The Laponite platelets will not be randomly arranged in three 
dimensions.  Figures 2A and C show schematically the three-dimensional honeycomb 
structure that will be created. 
 
Tack Energy of PSAs with Particle Additives  
The tack energies of the PSAs were evaluated by  probe-tack analysis.30,31,32  To aid in the 
understanding of the data, we will briefly review the related physical phenomena happening 
at the successive stages of the stress-strain curves obtained from the probe-tack 
measurement. In the contact stage, the adhesive film surface wets the probe adherent. As the 
probe is lifted from the adhesive, stress arises from the deformation of the bulk adhesive in 
confinement. A negative pressure is built-up as the strain increases, and this negative 
pressure induces cavities to form either at the probe-film interface or in the bulk of the 
adhesive film.33, 34 The number of cavities reaches a maximum around the peak of the stress-
strain curve. As the cavities propagate laterally or vertically, the stress falls to a plateau level 
as the walls between the cavities are drawn into fibrils.35, 36 The stress level in the plateau 
region is determined by the force to draw the fibrils. The detachment of the fibrils leads to 
the stress dropping to zero.  
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Figure 2. Schematic representation of expected nanostructures in PSA films made from PBA 
(shown as the continuous background) with various types of particle additives: (A) Laponite clay 
discs; (B) a conventional non-armored poly(n-lauryl acrylate) (PLA) latex; (C) a blend of 
conventional PLA latex and Laponite clay; and (D) Laponite clay-armored PLA “soft-hard” 
hybrid particles. 
 We first consider the effects of the addition of Laponite clay discs. Figure 3A shows 
representive probe-tack stress-strain curves of the PBA adhesive blended with nanoclay at 
various concentrations (expressed as weight percent on the PBA polymer). The area under 
the curves is proportional to the tack energy. Nanoclay was found to increase the tack energy 
in a narrow concentration range between 0.05 and 0.2 wt.%, achieving a maximum 
enhancement of 25 J m-2 beyond what is obtained for the model PSA. As is illustrated in 
Figure 3A, this enhancement is achieved through a higher plateau stress and a longer strain 
A B 
 
 
C D 
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before failure (detaching from the probe). The enhancement decreases after an optimum 
nanoclay concentration of 0.15 wt.%, with no increase at all above 0.25 wt% nanoclay. 
Further study with the nanoclay concentration higher than 0.5 wt% shows that the adhesion 
properties are seriously deteriorated, with the tack energy decreasing by 25 J m-2 with 1.5 
wt.% nanoclay. The stress-strain curve obtained with 1.0 wt.% nanoclay, when compared to 
the model PSA (Figure 3A), offers a good example. The plateau stress is still higher than 
that of the model PSA, but the strain is shortened, implying that the fibrils are too stiff to 
deform much before detaching from the probe. This is because the incorporation of nanoclay 
increases the elastic modulus of the nanocomposite, and hence it is too stiff to be an 
effective adhesive at a nanoclay content higher than 0.5 wt.%.  
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Figure 3. (A) Probe-tack stress-strain curves of films of the model adhesives physically-blended 
with Laponite clay at three concentrations (wt.% on the polymer), as indicated. (B) Probe-tack 
stress-strain curves of films of the model adhesives physically-blended with non-armored 
poly(n-lauryl acrylate) (PLA) latex particles at the wt.% concentrations indicated.  
Figure 3B shows the probe-tack stress-strain curves of the adhesive blended with varying 
amounts of non-armored poly(n-lauryl acrylate) (PLA) latex particles. No significant difference 
was found in the curves with the PLA addition up until concentrations higher than 3 wt%. The 
curves show that PLA does not increase the plateau stress at any concentration, which is 
understandable when considering that it is a soft polymer with a relatively low modulus. An 
increase of around 20 J m-2 in the tack energy is obtained with a higher PLA content of ca. 5 
wt%. A longer plateau is observed, indicating that the adhesive can be drawn in fibrils to higher 
strains before detaching. We conclude that both PLA and Laponite clay on their own can lead to 
a small increase in the tack energy, but only at high concentrations or over a narrow 
concentration range, respectively. The PLA offers a desired greater extensibility, whereas the 
Laponite clay imparts a greater plateau stress. Both of these are useful effects in increasing the 
B
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tack energy. 
       Figure 4 shows selected stress-strain curves of the model adhesive with the addition of 
the hybrid particles. It is demonstrated that the incorporation of these particles increases the 
plateau stress while also extending the strain at failure, so that the tack energy is likewise 
increased. The hybrid particles are shown to offer simultaneously the benefits of their two 
individual components (PLA and nanosized clay discs).   
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Figure 4. The influence of the addition of Laponite-armored PLA hybrid particles, at the 
concentrations indicated, on the probe-tack stress-strain curves of the PBA adhesive.  
 It is apparent in Figure 4 that an adhesive containing 2.7 wt% hybrid particles has a 
higher plateau stress and greater strain at failure in comparison to the PBA adhesive. For a 
fair comparison, we note that 2.7 wt.% hybrid particles contributes 0.25 wt.% nanoclay and 
2.45 wt.% PLA. Figure 5A therefore compares tack curves of PSAs containing 2.7 wt.% 
hybrid particles with blends containing the equivalent amounts of PLA alone, nanoclay 
alone, and their blend. The presence of 2.45 wt.% PLA barely has any effect on the tack 
• Published in Soft Matter (2009) 5(20):3842-3849 
 
 16 
adhesion. One can see, however, that the stress-strain curve of the adhesive containing 0.25 
wt.% nanoclay shows a higher plateau stress than the PBA, but its strain at failure is similar. 
This result might be the effect of excess nanoclay content in the adhesive, which make the 
fibrils stronger but too stiff to extend before detachment. The blend of 2.45 wt.% PLA and 
0.25 wt.% nanoclay exhibits the same effect as 0.25 wt.% nanoclay.  A higher plateau stress 
coupled with a greater strain at failure is only found with the 2.7 wt.% hybrid particles. 
Hence, there is a true synergistic effect between the PLA and the nanoclay in the 
supracolloidal hybrid particles. PLA or nanosized clay discs on their own, or when blended, 
do not offer the same benefit as when the phases are combined in the hybrid particles.  These 
results indicate that the structural arrangement of the PLA and nanoclay within armored 
core-shell particles is necessary to see the adhesion enhancement.  
 The range of nanofiller concentrations over which increases in the tack energy is 
observed is important to consider in the design of PSAs.  The effectiveness of the nanofillers 
is measured by the increase in the tack energy above the value for the pure PBA adhesive of 
63 J m-2.  The increase in tack energy from the hybrid particles in comparison to what is 
found for clay discs, non-armored PLA particles alone, or their mixture, is presented in 
Figure 5B. For easy comparison, the concentration of nanoclay (wt. % measured on the PBA 
weight) is plotted on the upper axis and normalized to correspond to the amount of nanoclay 
in the PLA-nanoclay system. The hybrid particles are shown to increase the tack energy over 
a broad range from 0.5 wt.% to 5 wt.%. An optimum hybrid particle concentration is found 
at around 2.7 wt.% with a tack energy increase of 45 J m-2. Although the nanoclay, the PLA, 
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and their blends at equivalent concentrations increase the tack energy slightly, the effect of 
the hybrid is much greater than the sum of the two individual effects.  The nanoclay on its 
own leads to a small increase in the tack energy only at concentrations less than 0.2 wt.%.  
These results reinforce the conclusion that there is a synergy between the clay and PLA 
phases in the hybrid particles.  The hybrid’s increase in tack energy is far beyond the sum of 
the effects of the PLA and nanoclay alone or when blended together. 
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Figure 5. (A) A comparison of the probe-tack stress-strain curves for the model PBA 
adhesive with the presence of 2.7 wt.% clay-armored “soft-hard”hybrid particles with the 
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equivalent amount of non-armored PLA (2.45 wt.%), Laponite clay discs (0.25 wt.%), and a 
blend of non-armored PLA (2.45 wt.%) and Laponite clay (0.25 wt.%). (B) An illustration of 
the synergistic effect of PLA-nanoclay hybrid particles on the tack energy of the model PSA. 
The increase in the tack energy above the PBA is compared as a function of the nanofiller 
content.  
 
Macroscale Measurements of Dynamic Mechanical Properties 
      For a deeper interpretation of the mechanical response of the armored “soft-hard” hybrid 
particles, dynamical mechanical analysis is considered next. An important parameter that can 
be extracted from the linear viscoelastic properties is the value of the ratio of the energy 
dissipation rate over the storage modulus: Gc/E’.37  Gc is the critical energy release rate 
between a probe and an adhesive to initiate interfacial crack growth; it has units of energy 
per unit area. E’ is the storage modulus of the adhesive. The Gc/E’ratio defines a 
characteristic length over which the polymer can be drawn before it detaches from the 
adherend.  The parameters that determine Gc are complex and include the linear and 
nonlinear viscoelastic properties of the adhesive film and the frictional properties of the 
probe-film interface.37 Considering the bulk viscoelastic properties only, it has been 
proposed that Gc is proportional to the loss tangent, tanδ = E”/E’. 38  A micromechanical 
model and recent experiments18,38,39 have shown that tanδ/E’ between viscoelastic properties 
is a good predictor of the tack energy. The higher that tanδ/E’ is, then the more the PSA can 
be drawn without detaching it from the substrate and the higher is the tack energy.  
• Published in Soft Matter (2009) 5(20):3842-3849 
 
 19 
 The viscoelasticity of the PBA adhesive, alone and when blended with the hybrid particles 
or the clay discs, is shown in Figures 6A and 6B to explain further their effects on the tack 
energy increase. The presence of the clay discs increases tanδ, which is desirable, but it also 
stiffens the adhesive, leading to a higher E’. On the other hand, the addition of armored 
particles also increases the tan δ but not E’.  
    The viscoelastic properties at a room temperature of ca. 20 oC (under the conditions in 
which the adhesive testing was performed) are summarized in Table 1. The presence of 0.25 
wt% nanoclay increases the E’ from 0.3 MPa to 0.55 MPa.  However, the value of tan δ/E’ is 
not changed when compared to that of the model PBA adhesive. As a result of the high 
stiffness, the adhesive energy during the debonding process is reduced. With the presence of 
2.7 wt% hybrid particles, the E’ is not affected but tan δ is higher, so that the tan δ/E’ ratio is 
nearly doubled as it increases from 0.36 to 0.6.  This strong effect on tan δ/E’ explains why 
armored “soft-hard” hybrid particles increase the tack energy. 18, 19  
 During the deformation of the adhesives, the hybrid particles with a soft core can be 
easily stretched and deformed, as envisaged in the scheme in Figure 6C.40 This deformation 
imparts mobility to the nanoclay platelets in the adhesive and can dissipate energy during 
mechanical stretching. Previous experimental work41 and molecular dynamics simulations42 
have demonstrated that the mobility of hard nanoparticles in a rubbery polymer results in 
greater energy dissipation during a stretching deformation.  The data in Table 1, however, 
show that in a physical blend of Laponite and PBA there is likewise a higher tanδ in 
comparison to the PBA alone. It has been already established43 that slippage at interfaces is 
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an energy dissipative mechanism.  The results indicate that the primary reason that the 
hybrid particles raise tanδ is because of slippage at the Laponite/PBA interface. 
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Figure 6. Dynamic mechanical analysis of adhesives blended with 0.25 wt% of Laponite 
clay or 2.7 wt.% hybrid particles: (A) storage modulus; (B) loss tangent (tan δ); (C) a 
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scheme illustrating hybrid particle deformation and the nanoclay mobility.  When the 
particle is deformed into a prolate spheroid, the hard Laponite discs are moved apart in 
relation to each other.40 
The hard Laponite clay platelets in the hybrid particles do not raise the adhesive’s E’ unlike 
the case when Laponite is blended alone. This result is explained by the mobility imparted by the 
soft cores. There is no hardening effect, which is typically found with the introduction of clay or 
other hard particles.18,21 The physical blending of the same amount of Laponite clay, however, 
increases the elastic modulus of the PSA above the critical value, and thus deteriorates the tack 
energy.   
To explore this issue further, hybrid particles with a glassy core (i.e. Laponite clay-armored 
polystyrene (PS) latexes) were added to PBA in some additional experiments. The increase in 
tack energy was not as high, because there was a stiffening effect from the hard particle addition.  
Another type of soft-hard hybrid particles, poly(octadecyl acrylate) (POA, glass transition 
temperature of -60 oC) armored by Laponite clay discs, was also found to enhance the tack 
energy of the model PSAs in a similar effect as the PLA-nanoclay. These results indicate that a 
combination of hard and soft phases in the nanofiller particles is required for the synergistic 
effect in PSA films.  
       Table 1. Viscoelasticity Data of the PBA Adhesive Blended with Different 
Nanoparticles 
• Published in Soft Matter (2009) 5(20):3842-3849 
 
 22 
Materials system Storage modulus, E’ (MPa) 
Loss tangent,  
tan δ 
Tan δ/E’ 
(MPa-1) 
PBA adhesive 0.30 0.11 0.36 
PBA + Laponite clay  0.55 0.20 0.36 
PBA + hybrids 0.30 0.18 0.60 
It is worth noting that an optimum hybrid concentration is found at 2.7 wt% for the 
maximum tack energy increase. Above this optimum concentration, the energy increase 
begins to fall. One reason is probably the excess nanoclay in the latex serum after the 
Pickering polymerization.  It is suspected that excess clay will saturate the air interface of 
the adhesive.  Hard clay discs have negligible tack, and so their presence in excess at the 
interface with an adherend will decrease tack.  We had carried out tack measurements on 
polymer films made from the Laponite-armored PLA hybrid particles.  Negligible tack has 
been found, because of the clay saturation of the surface.  
The theoretical excess nanoclay amount was calculated to be approximately 66 wt.% 
beyond what was required to cover the particles in a single layer, assuming the Laponite clay 
discs are assembled in a square array with a close-packed coverage of the available surface 
of the latex particles. In reality, the excess of Laponite clay presumably is less than predicted 
by our model as a result of a more random packing, deviation in particle sizes of both latex 
and clay discs, and some overlap of the clay platelets once assembled, as indicated in the 
AFM images in a previous publication.12   
One can further understand the effect of the soft-hard hybrid particles on the tack 
energy improvement through a careful analysis of Figure 5. We assume that the only reason 
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the tack energy falls is due to the presence of free excess Laponite clay discs (not part of the 
supracolloidal armored structure of the hybrid latex particles in the particle shell).  
Subtracting the contribution of the PLA alone from the tack energy for the armored hybrid, 
we find that the tack energy increase drops back to zero at ca. 5 wt.% hybrid particles.  The 
total amount of Laponite clay in the armored hybrid system when 5 wt.% of the 
nanocomposite is added is 0.45 wt%, with a calculated excess of non-adhered and thus freely 
dispersed Laponite clay discs of ca. 0.30 wt.%. The model system of PBA with Laponite 
clay alone shows that the increase in tack energy drops back to zero when amounts in excess 
of ca. 0.25 wt.% Laponite clay discs are used. We postulate that this rough consistency 
implies that the excess amounts of free Laponite clay discs present in the armored hybrid 
system is the reason for the tack energy decrease. Unfortunately, the status quo of the 
Pickering miniemulsion polymerization procedure makes it impossible to fabricate armored 
latexes without an excess of solids stabilizers, i.e. nano-sized clay discs in the present case. 
Further work is needed to overcome this issue or to find a convenient scalable post-
polymerization separation method. We envisage this would further improve and optimize the 
synergistic effect. 
Summary and Conclusions 
In summary, we have shown that the use of Laponite clay-armored latex particles with a soft 
polymer core, i.e. poly(n-lauryl acrylate), as a nanocomposite filler in a standard poly(butyl 
acrylate-co-acrylic acid) waterborne pressure sensitive adhesive leads to marked mechanical 
properties enhancements. These nanocomposite supracolloidal particles made via Pickering 
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miniemulsion polymerization led to an increase in the tack energy, by raising the plateau 
stress and increasing the strain at failure, across a broad range of concentrations. A 
maximum tack energy enhancement of 45 Jm-2 was found in nanocomposite PSAs containing 
2.7 wt.% hybrid particles. In comparison, the tack energy for nanocomposites containing an 
equivalent amount of non-armored PLA, Laponite clay discs, or both did not lead to 
increases of the same magnitude. It is only when the soft polymer and hard nanosized clay 
discs are combined together in an encapsulated armored supracolloidal particle that there is 
an extra increase in the tack energy. This increase in tack energy for the hybrid was greater 
than obtained from the sum of its components, therefore providing evidence for a true 
synergistic effect. The soft-hard hybrid particles did not increase the PSA storage modulus 
but did increase the loss tangent (and presumably Gc), which is a key requirement to increase 
the tack energy.     
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